We present the results of over 90 tight-binding molecular-dynamics simulations of collisions between three-and five-atom silicon clusters, at a system temperature of 2000K.
Previous work [1, 2, 3, 5] has attempted to explain the existence of these magic numbers through the study of the equilibrium structures of the clusters. However, during their formation the clusters are at a high temperature and are consequently exploring geometrical configurations far from the potential-energy minimum. The relevance of the minimum energy is therefore unclear.
The aim of this work is to simulate a large number of collisions, analyzing the results in terms of the dynamics of the reactants, intermediate clusters and products, rather than simply the statics of cluster equilibrium.
Use of a tight-binding (TB) scheme makes such simulations computationally feasible whilst incorporating the quantum-mechanical description of the sp directional bonding in silicon that is essential for reproducing the correct cluster structures. The TB scheme used here was devised by Goodwin et al. [6] to give a good representation of a large database of the volume-dependent total energy of solid silicon in various structures, ensuring accuracy over a wide range of bonding configurations. The energy and forces obtained from the TB model were used in a classical molecular-dynamics (MD) simulation [7] of the atomic motion.
Since all previous work has concentrated on the equilibrium structures of the Si clusters, we address these first. Hence, we used our TB MD, to perform simulated annealing for clusters of 2 to 8 atoms in order to identify their minimum-energy structures. All of the structures identified in this way were found to agree with previous results using this scheme [6] except for the case of Si 5 . For this cluster we find a rather asymmetric, face-capped planar rhombus form for the minimum energy structure, in agreement with the results of Laasonen and Nieminen [5] . It is significant that the search for the equilibrium configuration of Si 8 was quite difficult, it being found necessary to reduce the time step to one twentieth of the 2.42 × 10 -4 ps used during the cooling of all of the other clusters. This indicates that the Si 8 minimum energy structure is a narrow and rather inaccessible valley in the potential energy surface of the cluster.
Although the TB scheme used here achieves better agreement with ab initio results for the equilibrium structures of the clusters than other TB schemes [1, 2] (typically bond lengths are within 10% of ab initio values), the associated binding energies per atom were consistently overestimated by (1.03 ± 0.07) eV. This may be due in part to the fact that Goodwin et al. [6] fitted the scheme to the results of an ab initio density-functional-theory calculation in the localdensity approximation (LDA), since calculations of this type overestimate the cohesive energies of bulk silicon and molecules. However, as the overbinding is virtually independent of cluster size (and thus of the different types of bonding present in the different structures), it is unlikely to have had a significant effect on the simulated dynamics and the outcomes of the collisions. It should be noted that these errors are of the same order of magnitude as would be obtained from an ab initio LDA calculation.
The results of the simulated annealing indicated that the equilibrium structure of the Si 4 cluster was considerably more stable than either the 3 or 5 atom forms. By simulating the collision of much reduced time step, its highly localized nature means that it will not significantly affect the dynamics during the collisions simulated here [8] . It is therefore acceptable to use the standard time step of 4.84 × 10 -4 ps. Prior to a collision, the clusters were separately heated to 2000K
and assigned appropriate centre-of-mass velocities. In order that the results may be considered as an average over the many possible relative orientations of the colliding clusters, we rotated each cluster through three random angles about its internal axes before every collision.
A summary of the results of all of the collisions simulated is given in Table I . For all cases where the clusters came into contact a reaction resulted, such as the transfer of a single atom to produce Si 4 + Si 4 . Although twelve simulations were performed for each impact parameter, the clusters failed to make contact on three occasions in simulations with the largest value of b and thus did not react. The eight reactions that produced Si 3 + Si 5 all involved significant rebonding.
The results in Table I clearly show the dominance of the Si 4 + Si 4 reaction product in these collisions, with this configuration being the result in almost 70% of the reactive collisions. 20%
of the reactions produced a single Si 8 cluster that did not fragment, making this the next most abundant product. It is interesting to note that the loss of a single atom by the highly mobile Si 8
cluster formed during the collisions was never observed.
We emphasize the irrelevance of the equilibrium potential energy values of the clusters in determining the outcomes of these collision reactions. As an alternative, we have calculated the effective binding energies (EBEs) of the clusters under the conditions simulated here. The effective binding energy was defined to be −1 times the minimum value of potential energy that would exist if the potential-energy surface for the actual mean potential energy and kinetic energy were harmonic about its minimum (see Figure 1) . Since, for a harmonic oscillator, 
where N is the number of atoms in the cluster. All of the time averaged values except that for Si 7 were obtained from the results of actual collision runs. Since Si 7 was never produced in these collisions, its effective binding energy was obtained by heating an example to approximately 4000K (typical of the temperature attained by Si 8 during a reaction) and then letting it evolve in isolation. Since a cluster's temperature determines the extent to which it explores what is, in reality, an anharmonic potential energy surface, the appropriate EBE to characterize its motion will also be a function of temperature. Therefore, because the temperature of the reacting Si 3 and to be the most favourable product, followed by Si 4 + Si 4 . However, the difference between these two products is much less in the EBE estimate (1.3 eV compared with the equilibrium value of 3.9 eV). In general, the estimates produced using the EBE's give predictions in much closer agreement with both the results of our simulations and those of experiment [4] than do the corresponding equilibrium estimates. First, use of the effective values reduces the predicted increase in binding energy associated with the production of Si + Si 7 from 1.7 eV (the equilibrium estimate) to −0.9 eV. This indicates that it is not an energetically-favourable outcome; hence its absence from Table I . Second, they also give the correct ordering of the remaining products in that Si 3 + Si 5 is predicted to be marginally (0.1 eV) more favourable than Si 2 + Si 6 , in direct contrast to the equilibrium values which predict that Si 2 + Si 6 is the more favourable of the two by 0.7 eV. The fact that a product of Si 8 is not as common as suggested by this simple estimate is due to the fact that the single cluster cannot accommodate all of the kinetic energy of the reaction. Hence, it becomes simply a matter of time as the cluster explores its configuration space before it will fragment.
Another way of comparing the equilibrium and effective binding energies is to plot them per atom as a function of cluster size (Fig. 2) . The additional stability of the points at N=4 and N=6,
in comparison to what would be expected from a linear combination of neighbouring values, indicates the magic status of Si 4 and Si 6 . In contrast, the corresponding curve for the equilibrium values has no local maximum at N=6, predicting instead that Si 7 is magic. These features are emphasized in the plot of cluster fragmentation energy (defined as the binding energy of an Natom cluster less that of the N−1-atom cluster) also shown in Figure 2 . The peaks at N=4 and under the dynamic conditions simulated here. The absence of a peak for the Si 7 cluster reflects the removal of its magic nature.
As a typical example of the type of the behaviour observed during the collision processes we shall briefly discuss a particular collision with an impact parameter of 5.82 Å. The variation with time of the system potential energy and mean coordination number during this collision is shown in Figure 3 . 
